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Abstract: In this study, we develop the spatial filtering velocimetry (SFV) technique to measure the velocity 
distribution of small spherical and irregular particle flows using a linear CCD camera. In addition, energy 
barycentre correction algorithm is used to enhance the measurement accuracy. A constantly running conveyor belt 
is used to test the accuracy of this SFV system. Furthermore, the velocity distributions of the spherical and irregular 
particle flows in a rotating drum are measured to demonstrate the usability of this method in a granular system. 
We further discuss the effect of the key system parameters on the results of the measurement, and the optimal 
thresholds of the parameters are given in this paper. 
I. INTRODUCTION 
Granular flows are ubiquitous in nature (rock and snow avalanches, movement of sand dunes) and in industrial 
processes (transport of food grains, ores, pharmaceutical powders). However, the mechanics of these material 
flows are not well understood. Knowledge of particle or particle cluster velocities in granular systems is essential 
to characterize the flow conditions and dynamics [1]. Particle image velocimetry (PIV) and particle tracking 
velocimetry (PTV) are two of the most widely used technologies for the measurement of the velocity and its 
distribution of granular flows [2-11]. However, PTV technique is suitable only to the conditions that each particle 
can be distinguished clearly which puts huge demand on image resolution and more importantly computing power 
for particle tracing which limits practical application to the larger particles. In the case of PIV, there is no demand 
to distinguish each particle but hands-on guidance is to have at least 3-4 pixel per particle size in each direction [8, 
11]. However, large signal-to-noise of recorded images is desirable requiring for example uniform illumination, 
which is difficult to obtain due to complex interaction of imaging and lighting system with the observed particles, 
and accompanying scene [8, 11]. The further demand for PIV is to have at least 10 particles with recommendation 
to have 100 particle in interrogation window to avoid unreliable analysis and spurious results [8, 11]. Therefore, 
the PIV provides average velocity of particles in an interrogation window meaning the lower spatial resolution in 
the context of dense granular flow. This averaging also put limits on the technique applicability such as for example 
the case of granular temperature determination as a second order statistics measurement [10]. Other imaging 
methods like streak velocimetry [12, 13] and Voronoï imaging [14] are also used for granular flow studies which 
are more similar to PTV than to PIV, thus having the same issue of clear individual particle imaging. Laser Doppler 
velocimetry is another widely used method for the measurement of solid or fluid velocities with tracer particles 
[6]. However, it is also not suitable for the dense granular flow due to high concentration of the particles and 
resulting strong light scattering with occasional application for dense granular flow [6]. Recently, we used another 
laser-based technique of speckle visibility spectroscopy for study of surface granular flow due to very good spatial 
and temporal resolution [15, 16]. The limitation is that only granular temperature of particles can be measured, but 
not the actual particle velocities.  
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On the other hand, the spatial filtering velocimetry (SFV) technique has not received much attention from 
researchers since its inception, though the method was proposed by Ator [17] in 1963. In comparison with the 
Doppler and PTV as single tracer measurement methods, the method using a spatial filter is inferior with regard 
to spatial resolution like PIV as both are based on analysis of interrogation region in the images. However, this 
method has several useful features such as simplicity, optical system stability, and applications to nearly every 
reflective object. In addition, the technique can resolve the problem of low signal-to-noise ratio (SNR) of the signal, 
e.g. because of the non-uniform illumination, as well as from other factors [18]. It has been successfully applied 
to the velocity measurement of solid surfaces [19, 20], fluids [21-25], two-phase flows [26], and image motion, as 
well as other applications [27, 28]. Asakura used SFV to measure the liquid flow velocity in a 0.13–3.3-mm 
capillary glass tube based on an optical system with a microscope [23]. Aizu et al. improved the SFV and built a 
differential spatial filtering velocimeter based on the transmission grating; this structure could eliminate the low-
frequency components of the signal, and they proved the validity of the method in the aspect of blood flow velocity 
measurement [18, 23]. Bergeler et al. used a CMOS array camera to simulate the function of a spatial filter device, 
and they achieved the measurement of the two-dimensional velocity component [22]. By making use of the 
experimental system, they measured the blood flow velocity distribution in a capillary tube. Wang et al. used a 
CCD-array simulated spatial filter and applied the SFV to the average velocity measurement of nanofluids, and 
they achieved a relative error of less than 6.5% [25]. Xu et al. used an electrostatic sensor array as a spatial filter 
to obtain the velocity of gas–solid two-phase flow particles in a pipeline. To a certain extent, they realized the 
measurement of the local average velocity of the particles [29, 30]. However, this may be due to the complex 
nature of the particles, non-constant particle velocity, and set-up difficulty of the measurement system; there are 
few reports on the particle velocity distribution in a fluidized bed. 
In this study, we develop the SFV technique to measure the velocity of granular materials of irregular sand 
particles. The energy barycentre correction algorithm is used to enhance the frequency accuracy. A constantly 
running conveyor belt is used to test the accuracy of the SFV system. Then, the velocity distributions of the small 
spherical and irregular particle flows in a rotating drum are measured using the SFV method. Finally, we discuss 
the effect of the system parameters on the measuring result, and the optimal thresholds of the parameters are given 
in this paper. 
II. PRINCIPLES OF SPATIAL FILTERING VELOCIMETRY (SFV) 
A. Basic principle of SFV 
Figure 1 shows a schematic of a traditional SFV comprising an objective lens, transmission grating, focusing 
lens, photoelectric sensor, and light source. The light source irradiates a moving surface with velocity 𝑣. Part of 
the reflected light from the moving surface is collected by the objective lens. The surface is imaged onto a spatial 
filter, which has a spatially periodic transmittance in the moving direction of the surface. The total light intensity 
collected by the focusing lens is temporally periodic because of the motion of the moving surface. Then, the 
temporally periodic light intensity is fed into the photodetector. As a result, the output signal of the photodetector 
contains a centre frequency 𝑓 relative to the velocity 𝑣 of the moving surface. Then, the relationship between the 
moving surface velocity 𝑣 and centre frequency 𝑓 can be determined as follows [18]: 
𝑣 =
𝑝𝑓
𝑀
 (1) 
where 𝑝 is the spatial period of the spatial filter and 𝑀 is the magnification of the optical system. 
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Fig.1 Schematic of spatial filtering velocimeter 
Because of the characteristics of complex structure, processing difficulty, and spatial period instability, the 
traditional SFV system with a transmission grating and photoelectric sensor structure has been replaced gradually 
by linear or CCD/CMOS array cameras [20-23]. The utilization of the image sensor greatly simplifies the system 
structure and improves the characteristics of flexibility and stability. 
B. Principle of SFV based on linear CCD 
In this approach, a linear CCD camera is used as both a spatial filter and optoelectronic transform device. Figure 
2 shows a schematic of the spatial filter simulated by the linear CCD. The spatial filter has a size of X pixels in 
the x-direction and Y (for the linear CCD, Y = 1) pixels in the y-direction, and all the pixels of the spatial filter can 
be divided into 2𝑛 groups whose size is 𝑏 pixels. As shown in Fig. 2, the combination of every other pixel group, 
in other words, odd groups (grey space) and even groups (white space), is equivalent to the spatial filters Sw and 
Sg on the structure, respectively. The spatial period, p, of the spatial filters, Sw and Sg, is equal to 2𝑏 pixels. For 
Sw, the white regions allow light to pass through, while the grey regions block the light. For Sg, the opposite is true.  
 
Fig.2 Schematic of spatial filter simulated by linear CCD 
In the process of data processing, the output of the spatial filter: 
S𝑤 = ∑ 𝑤𝑖
𝑛
𝑖=1                                 (2) 
S𝑔 = ∑ 𝑔𝑖
𝑛
𝑖=1                                 (3) 
The spatial filters Sw and Sg combine into a differential spatial filter and the output of the differential spatial 
filter 𝑆𝑡 is equal to 𝑆w − 𝑆g. The differential spatial filter can greatly eliminate the residual signal of the base 
component and the problem of low SNR of the output signal from non-uniform illumination , as well as from other 
factors [18]. 
C. Characteristics of spatial filter based on linear CCD 
Let the light intensity transmittance function of the spatial filter based on the linear CCD and the light intensity 
distribution of the moving surface image at the plane of the CCD be 𝑡(𝑥, 𝑦) and ℎ(𝑥, 𝑦), respectively. The output 
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signal 𝑔(𝑥, 𝑦) obtained from the CCD image sensor is given by the convolution integral of 𝑡(𝑥, 𝑦) and ℎ(𝑥, 𝑦). 
In the spatial frequency domain, 𝑇(𝜇, 𝜈) is the Fourier transform of 𝑡(𝑥, 𝑦), 𝐻𝑝(𝜇, 𝜈) is the power spectral 
density function of ℎ(𝑥, 𝑦), and 𝐺𝑝(𝜇, 𝜈) is the spatial power spectral density function of 𝑔(𝑥, 𝑦). 𝐺𝑝(𝜇, 𝜈) can 
be represented as [22]: 
𝐺𝑝(𝜇, 𝜈)= 𝐻𝑝(𝜇, 𝜈)|𝑇(𝜇, 𝜈)|
2 
(4) 
where 𝜇 and 𝜈 denote the spatial frequencies in the x- and y-directions, respectively.  
As shown in Eq. 4, the frequency spectrum |𝑇(𝜇, 𝜈)|2 acts as a spatial filtering function on the input function 
𝐻𝑝(𝜇, 𝜈) . Therefore, the characteristics of the frequency spectrum 𝐺𝑝(𝜇, 𝜈)  can be investigated from the 
frequency spectrum |𝑇(𝜇, 𝜈)|2 of the spatial filter. The frequency spectrum |𝑇(𝜇, 𝜈)|2 can be represented as [20]: 
|𝑇(𝜇, 𝜈)|2 =
𝑋2𝑌2
4
|𝑇𝑌(𝜈)|
2 |∑(−1)𝑛−1
4
(2𝑛 − 1)𝜋
[𝑇𝑋𝑛
− (𝜇) + 𝑇𝑋𝑛
+ (𝜇)]
2𝑛
𝑛=1
|
2
 (5) 
where 
𝑇𝑌(𝜈) = sin 𝑐(𝜈𝑌) (6) 
 
𝑇𝑋𝑛
− (𝜇) = sin 𝑐(𝜇𝑋 −
2𝑛 − 1
𝑝
𝑋) (7) 
𝑇𝑋𝑛
+ (𝜇) = sin 𝑐(𝜇𝑋 +
2𝑛 − 1
𝑝
𝑋) (8) 
From Eqs. (5)–(8), it can be seen that the key parameters affecting the spatial filtering characteristics are the 
size of the spatial filter in the x- and y-directions, X and Y, and the number of slits, n, which will be discussed in 
section 4. 
D. Spatial filtering data processing 
The frequency spectrum of the differential signal, obtained by the Fast Fourier Transform (FFT) algorithm, can 
be represented as: 
𝑆𝑘 = |∑ 𝑆𝑡exp (−𝑗2𝜋𝑘𝑡/𝑁)
𝑁−1
𝑡=0
| (9) 
where 𝑆𝑡 is the time-domain signal and 𝑁 is the FFT point 𝑘 = –N, –N+1, …, N–1.  
For the moving object with uniform velocity (i.e. conveyor belt in this experiment), the centre frequency 𝑓 can 
be obtained from the peak of the spectrum, as shown in Fig. 3 (a). For the particle system, however, the spectrum 
is expanded and noisy because of the velocity disorder of the particles in the measurement area, as shown in Fig. 
3 (b). A correction to the FFT spectrum is required before the centre frequency is extracted from the peak of the 
spectrum [25, 31]. 
There are several frequency spectrum correction algorithms, such as the energy barycentre correction, ratio 
correction, phase difference correction and ZOOM FFT algorithm [32-38]. The energy barycentre correction 
method does not depend on the window function, and can correct the multi-stage average power spectrum directly, 
the algorithm is simple and easy to implement, the correction accuracy is related to the number of points which 
participate in the correction, the more points, the higher correction accuracy [32, 33]. The ratio correction can 
correct frequency, amplitude and phase and the precision of refining effect is high, and not applicable in too dense 
frequency analysis [36]. The phase difference correction algorithm is more versatile with high correction accuracy 
and simple calculation method. It is suitable for the correction of the discrete frequency components with frequency 
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spacing greater than five frequency resolutions. If the frequency components are too close, there would be the side 
lobe interference and even main lobe interference, which can affect the calibration accuracy and even cannot be 
corrected [35, 37]. The ZOOM FFT algorithm is both accurate and easy to use, accurate results would be expected 
in most cases with the method being superior to the simple estimation procedures commonly used. This method 
can increase the resolution of the amplitude spectrum, but it cannot be certainly effective in diminishing the phase 
distortion [34]. 
The energy barycentre correction is a suitable method in SFV because it has a simple algorithm, a small amount 
of computation, and a small error. In the process of spectrum correction, the energy barycentre correction algorithm 
is proposed to obtain a more accurate frequency value. The energy barycentre correction is realized by the 
following steps. First, use the average correction method to obtain the trend of the spectrum. Figure 3(b) shows an 
example result of the average method for frequency spectrum correction. The black curve represents the signal 
spectrum before correction and the red curve represents that after correction. Second, use the energy barycentre 
correction [38]technique to determine the peak frequency bin in the frequency spectrum after average correction. 
Then, find the largest part of the peak frequency bin. Finally, calculate the centroid of the frequency bins and set 
the position of the centroid as the corrected frequency bin, which is regarded as the centre frequency of the time-
domain signal. 
 
Fig.3 Example of frequency spectrum of the signal from (a) conveyor belt and (b) particle system. 
Inset: Magnification of (a) in the frequency range from 0 to 50 Hz 
E. Velocity distribution measurement 
Figure 4 shows a schematic of the velocity distribution measurement by multipoint measurement. The average 
velocity of the sub-area on the moving surface, centred at Pi, is measured by a sub-spatial filter SPi, centred at Pi’ 
comprised of X pixels, in the linear CCD camera. In addition, the velocity distributions of the moving surface 
along the x-direction are measured by the sub-spatial filters along the linear CCD. In addition, the spatial period, 
p, and the number of slits, n, of the sub-spatial filter SPi have the relation X = n * p.  
 6 
 
 
Fig.4 Schematic of velocity distribution measurement by SFV 
III. EXPERIMENT AND RESULTS 
A. Experimental setup 
Figure 5 illustrates the measurement experimental setup of the SFV system with the specifications listed in Table 
1. The system comprises a cylindrical drum, which is made of clear Plexiglas to allow optical access and has an 
inner diameter, D, and length, L, of 150 and 200 mm, respectively. The drum is placed on a pair of rollers, which 
are connected through a conveyor belt driven by a high precision and high-stability DC motor. The conveyor belt 
is also used as the standard speed for the test. The linear CCD camera and lens are fixed to the bracket, the shooting 
angle is adjusted to ensure the camera is perpendicular to the object to be tested, and the x-direction of the linear 
CCD sensors is parallel to the direction of the moving object.  
 
Fig.5 Particle velocity measurement system based on linear CCD SFV. 
(a) Structural diagram and (b) diagram of experimental device. 
The CCD camera is set to capture images of the moving objects with a sampling frequency fs = 1000 Hz, and 
an Ethernet interface is used to transfer the image onto a computer. 
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Table.1 System specifications 
Imaging system  
Focal length 35 mm 
Magnification 0.915 
CCD camera  
Number of pixels 1024 
Pixel size 14*14 μm 
Max frame frequency 56 kHz 
Sampling frequency fs 1000 Hz 
Precision turntable  
Input voltage of DC motor 0–40 V 
Reducer gear ratio 72:1 
Roller diameter 3.6 cm 
Drum & Particles  
Drum diameter 15 cm 
Particle material Spherical/irregular glass sands 
Particle size 1–1.5 mm 
Filling level 40% 
FFT  
Number of data 1024 
B. Granular materials 
The granular materials used in this study are sieved glass beads and sand with a density of 1710 kg/m3 between 
sieves of 1.0 and 1.5 mm, giving a median particle diameter of 1.25 mm, as shown in Fig. 6. All the granular 
materials used in this study were dry, cohesionless glass particulate materials. The filling level of the cylindrical 
drum was 50% of its volume. 
 
Fig.6 Example photo of particles with 2-mm scale bar. (a) Glass beads and (b) glass sand. 
C. Results of test by conveyor belt  
Figure 7 displays the original image collected by the linear CCD camera from the conveyor belt with the 
sampling frequency fs = 1000 Hz. As the conveyor belt velocity is constant, this leads to the appearance of inclined 
stripes in the original image.  
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Fig.7 Original image collected by the linear CCD 
Figure 8 presents the results of the average measurement velocities with the increase in conveyor belt speed 
with parameters of spatial period p = 16 pixels and number of slits n = 20. Table 2 presents the statistical results 
of the measurement indicating that the relative error is within 3%. It proves the feasibility of the spatial filtering 
velocity measuring system. 
 
 
Fig.8 Average measurement results of 10 measurements vs. conveyor belt speed. The solid line represents the linear fit to the data. The 
error bars represent the standard deviation of the results and are so small that they are within the circles. 
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Table.2 Measurement results of 10 measurements with conveyor belt speed 
No. Speed of conveyor 
belt vr（cm/s） 
Average of 
measuring result vm
（cm/s） 
Standard 
deviation 
Relative 
error (%) 
1 4.27 4.18 0.02 2.11 
2 4.81 4.75 0.03 1.25 
3 5.34 5.36 0.03 0.37 
4 5.87 5.93 0.02 1.02 
5 6.41 6.50 0.03 1.40 
6 7.73 7.92 0.030 2.43 
7 9.72 9.89 0.030 1.70 
8 11.76 12.05 0.021 2.46 
9 13.83 14.08 0.028 1.81 
10 15.93 16.17 0.032 1.56 
11 18.02 18.26 0.034 1.33 
12 20.13 20.33 0.021 0.99 
13 25.16 25.38 0.051 0.84 
14 30.29 30.55 0.048 0.86 
 
Figure 9 and Table 3 present the measurement results from different positions of the conveyor belt using the 
velocity distribution method described in section 2.5. It can be observed that the aberration of the measured 
velocities from the moving velocities of the conveyor belt is within 0.01 cm/s and the relative error is within 0.3%. 
This implies that in the field of view of the SFV based on the linear CCD, each point measurement result remains 
consistent. 
 
Fig.9 Average measurement velocities of 10 measurements at different positions of conveyor belt. The error bars represent the standard 
deviations of the results and the solid line indicates the real velocity (i.e. 3.64 cm/s) of the conveyor belt. 
Table.3 Average measurement results of 10 measurements at different positions of the conveyor belt with speed of 3.64 cm/s. 
Measurement 
point x’ (cm) 
Measuring 
result vm（cm/s） 
Standard 
deviation 
Relative error 
(%) 
4.9 3.64 0.08 0 
6.3 3.63 0.04 0.27 
7.6 3.65 0.05 0.27 
9.0 3.65 0.05 0.27 
10.3 3.63 0.06 0.27 
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D. Spherical particle velocity measurement experiment 
Figure 10(a) displays the original image collected by the linear CCD camera from the spherical particle velocity 
measurement experiment, as shown in Fig. 5, with the sampling frequency fs = 1000 Hz. As the particles are under 
the rolling regime in the rotating drum, this leads to the appearance of intermittent stripes in the original image.  
 
Fig.10 Original image collected by linear CCD in the particle velocity measurement experiment with (a) 1.25 mm spherical particles, (b) 
1.25 mm irregular particles. 
Figure 11 indicates that the average particle velocity increases linearly with the rotating velocities of the drum 
at the measurement point of x = 4 cm with the parameter spatial period p = 24 pixels and the number of slits n = 
10, which agrees with the theoretical analysis of Jain et al. [39].  
 
Fig.11 Average measurement results of 10 measurements vs. the rotating velocities of the drum. The triangle points represent the average 
of 10 measurements, while the error bars at each data point represent the standard deviation of 10 measurements. The solid line indicates 
the moving velocities of the particles with the increase in rotating velocity of the drum. 
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Figure 12 shows the particle velocity distribution in the x-direction of the drum at a rotating velocity of 5.2 rpm. 
It is clear that from the top to bottom of the velocity distribution, it is approximately symmetrical about the middle 
position and skewed. The experimental results also agree with the experimental results of the PEPT method by 
Ding et al. [40]. In addition, their research demonstrates that at low rotational speeds, the bed surface velocity 
profile is approximately symmetrical with respect to the mid-chord position, and with the increase in rotating 
velocities, a skewed surface velocity distribution is observed.  
 
Fig.12 Spherical particle velocity distribution in the radial direction of the drum at a rotating velocity of 5.2 rpm. The error bars at each 
data point represent the standard deviation of 10 measurements. The solid line which is obtained by curve fitting indicates the spherical 
particle velocity distribution in the radial direction of the drum. 
E. Irregular particle velocity measurement experiment 
Figure 10(b) displays the original image collected by the linear CCD camera from the 1.25 mm irregular particle 
velocity measurement experiment, as shown in Fig. 5, with the sampling frequency fs = 1000 Hz. As the particles 
are under the rolling regime in the rotating drum and the velocity changes during the movement, this leads to the 
appearance of intermittent curves in the original image. 
The velocity and its distribution of irregular particles under the rolling regime in the rotating drum are also 
measured by the SFV system depicted in Fig. 5, with parameters of spatial period p = 24 pixels and number of slits 
n = 10. Figure 13 indicates that the average particle velocity increases linearly with the rotating velocities of the 
drum at the measurement point of x = 4 cm, which is similar to the spherical particles.  
 
Fig.13 Average measurement results of 10 measurements vs. the rotating velocities of the drum with 1.25 mm irregular sands. The triangle 
points represent the average of 10 measurements, while the error bars at each data point represent the standard deviation of 10 
measurements. The solid line represents the linear fit to the data. 
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Figure 14 shows the particle velocity distribution in the x-direction of the drum at a rotating velocity of 5.2 rpm, 
which indicates that the particle velocity initially increases and then gradually decreases after reaching the first 
peak at the upper part of the surface, while at the lower part of the surface, the particle velocity initially increases 
and then gradually decreases after reaching the second larger peak value. These results are similar to our previous 
observation [16] that the particle velocity is lower at the upper part than at the lower part of the surface because of 
a small mound forming at the approximate centre of the surface. The error bars of the first and last measurement 
points are larger than the others because of the influence of the cylinder walls. Comparing this result with Fig. 12, 
we can further find that the velocity of irregular particle flow is higher than that of the spherical particle flow at 
the same drum speed. This is also in line with the previous reports that the angle of repose of irregular particles is 
higher than that of the spherical particles [40, 41]. 
 
Fig.14 Particle velocity distribution in the radial direction of the drum with 1.25 mm irregular sands at a fixed rotating velocity of 5.2 
rpm. The error bars at each data point represent the standard deviation of 10 measurements. 
Figure 15 shows the particle velocity distribution in the x-direction of the drum at different rotating velocity 
from 5.2 rpm to 6.3 rpm, which indicates that with the increase of the rotating velocity of the drum, the particle 
velocity increased in each position of the drum. It indicated that the kinetic energy of irregular particle flow 
increase with the increase of rotating velocity.  
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Fig.15 Particle velocity distribution in the radial direction of the drum with 1.25 irregular sands at different rotating velocity from 5.2rpm 
to 6.3rpm. 
 
 
IV. PARAMETER DETERMINATION 
From Eqs. (5)-(8), it can be seen that the main parameters affecting the spatial filtering characteristics are the 
size of the spatial filter in the x- and y-directions, X and Y, and the number of slits, n. From a practical point of 
view, the size of the spatial filter in the y-direction is fixed with the given linear CCD camera. In addition, in the 
x-direction, we can select X pixels as a spatial filter, and then divide it into 2*n groups; the width of each group is 
𝑏 pixels, the spatial period of the spatial filter p is equal to 2b pixels, and X = n * p. Therefore, the main parameters 
affecting the spatial filtering characteristics are the spatial period of the spatial filter, p, and the number of slits, n. 
A. Spatial period of spatial filter, p 
 In order to select appropriate parameters, the irregular particle velocity measurement system depicted in Fig. 5 
is employed and the rotating velocities of the drum are fixed. The test lasted for 10 min and a large number of 
original images were obtained. By setting different parameter n  and selecting a different spatial period to the 
spatial filtering of the original image, each spatial period was tested 10 times; the velocity is calculated by Eq. (1) 
and shown in Fig. 17. It can be observed that with the increase in spatial period, the measurement velocity increases 
gradually, and becomes stable when p is larger than 10. Furthermore, if the slit number of the spatial filter n is too 
small (i.e. n ≤ 4) the results would be not reliable even with high spatial period. On the other hand, if the spatial 
period p was too large, the centre frequency of the output signal would be very small. This would lead to a lower 
resolution and higher error because the fixed frequency resolution of the FFT has a greater effect on the 
measurement result. Therefore, the optimal thresholds were determined to be between 10 to 36 pixels. Furthermore, 
it can be seen that for these range of optimal pixels measured velocities overlaps when slit number of the spatial 
filter are more than 6. Overall that would imply one would need minimally 60-70 pixels per spatial filter, which is 
only around 8-particle lengths (resolution of imaging is 8 pixel per particle diameter) in the case of our 
unidirectional SFV method. This is promising results as it similar or slightly better than PIV technique but further 
studies are needed to elucidate this further.   
 
 14 
 
Fig.17 |Measured velocity v vs. spatial period of the spatial filter p with different slit number of the spatial filter n 
B. Number of slits, n 
When the spatial period of spatial filter is fixed, the more slits of the spatial filter, the bigger the filtering window. 
The size of the filtering window is primarily related to the spatial filtering signal amplitude and main bandwidth. 
The larger the filtering window, the larger the peak amplitude of the filtering signal; it is helpful to find the peak 
of the spectrum, and at the same time, the larger the filtering window, the narrower the bandwidth of the signal 
peak, and the higher the resolution. The measurement point decreases with the number of slits, which leads to a 
poorer spatial resolution and measurement accuracy. 
By setting the spatial period of the spatial filter to p = 32 pixels and changing the number of slits n to the spatial 
filtering of the original images described in Section 4.1, each slit number was tested 10 times; the centre frequency 
of the output signal is shown in Fig. 17. With the increase in the number of slits, the measurement results level off 
at around 4 slits of the spatial filter. The optimal thresholds of the number of slits were determined to be around 8 
where the bias of the measurement results from the real value decreases as can be seen in standard deviation of the 
measurements shown in the figure 
 
Fig.17 Measured velocity v with associated standard deviation as function of. slit number of the spatial filter n 
V. CONCLUSIONS 
In this study, the SFV technique has been developed to measure the velocity and its distribution of granular 
materials (i.e. glass beads and sand) using a linear CCD camera. In addition, the energy barycentre correction 
algorithm was  used to enhance the measurement accuracy. Experiments have been conducted to test the accuracy 
of the method and applicability to the measurement of granular systems. The measurement shows that the velocity 
and its distributions agree with the theoretical calculation and previous results. The technique has advantage over 
PTV that each particle does not need to be individually distinguished so it can be applied to smaller particles. The 
advantage over the PIV is that it is more optically stable and tolerable to lower signal to noise ration from non-
uniform illumination among other   factors. Furthermore, we analysed the main parameters affecting the spatial 
filtering characteristics through theoretical analysis experimental verification, and we determined that the optimal 
thresholds of the spatial period of the spatial filter were between 10 to 36 pixels, and the optimal thresholds of the 
number of slits were greater than eight. Overall, the reliable velocity measurements are obtained from 60-80 pixels 
which is only around 8-10 particle length in our current set-up. The major disadvantage of current setup is that the 
velocity is only measured in direction parallel to the linear CCD pixels array. This issue will be resolved in future 
work using the improved SFV by utilizing area array CCD to measure the velocity distribution in the whole field 
of view. 
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Nomenclature 
𝑏 The width of slits of spatial filter  
𝐷 inner diameter of the drum 
𝑓 centre frequency of output signal 
𝑔 output of a slit of spatial filter Sg 
𝑔(𝑥, 𝑦) output signal obtained from the CCD image sensor 
𝐺𝑝(𝜇, 𝜈) spatial power spectral density function of 𝑔(𝑥, 𝑦) 
ℎ(𝑥, 𝑦) light intensity distribution of the moving surface image 
𝐻𝑝(𝜇, 𝜈) power spectral density function of ℎ(𝑥, 𝑦) 
𝐿 Length of the drum 
𝑀 magnification of the optical system 
𝑛 Number of slits of spatial filter 
𝑁 FFT point 
𝑝 spatial period of spatial filter 
Sw output of a spatial filter 
Sg output of another spatial filter 
𝑆𝑡 output of the differential spatial filter 
𝑡 time 
𝑡(𝑥, 𝑦) light intensity transmittance function of the spatial filter 
𝑇(𝜇, 𝜈) Fourier transform of 𝑡(𝑥, 𝑦) 
𝑣 the velocity of the object to be tested 
𝑤 output of a slit of spatial filter Sw 
𝑥 The coordinates of point in the radial direction 
𝑋 Size of spatial filter in the x-direction (pixels) 
𝑦 The coordinates of point in the axial direction 
𝑌 Size of spatial filter in the y-direction (pixels) 
𝜇 spatial frequencies in the x -directions 
𝜈 spatial frequencies in the y-directions 
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